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Abstract

We propose a precision measurement at low momentum transfer (0.01 <
Q? < 0.2 GeV?) of the Gerasimov-Drell-Hearn integral for the deuteron using
the Hall B CLAS detector. By combining these data with the proton data taken
under similar conditions (approved E03-006) we can extract the GDH integral on
the neutron. These data will provide a benchmark for neutron Chiral Perturba-
tion Theory (xPT) calculations. Also, at the very low Q2 of the proposed experi-
ment, extrapolation to Q% = 0 will permit a check of the (real photon) GDH sum
rule. Due to the complexity of nuclear medium effects, extraction from both the
deuteron and 2He is necessary to have confidence in neutron data at very low Q2.
An experiment [1] with the same goals as this proposal, but using a 3He target was
approved in Hall A. In addition, as recently emphasized [2], the GDH sum for the
deuteron is a fascinating quantity in its own right and presents a significant test of
our present understanding of the properties of few-body nuclei. The experimen-
tal conditions will be the same as those of approved experiment E03-006, except
for the content of the target cell. The combined data set will therefore provide a
self-consistent test of the Bjorken sum, which is believed to be the best quantity
to measure in the context of linking the partonic and hadronic descriptions of the
strong interaction. To perform this measurement, we request 30 days of beam time.
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1 Introduction

We present here a proposal for measuring the extended Gerasimov-Drell-Hearn (GDH)
integral on the neutron and deuteron at low Q2. In the following pages, we first define
the GDH sum rule and briefly recall its theoretical basis. After a short review of GDH
experimental status, we describe the extension of the GDH integral to finite (. Then
we discuss the motivations for such a measurement at low Q2. We will end this doc-
ument describing the proposed measurement and the beam time required to meet our
goal.

1.1 The Gerasimov-Drdl-Hearn Sum Rule

The Gerasimov-Drell-Hearn sum rule for real photon scattering at Q2 = 0 is a funda-
mental relation that relies on only a few general assumptions:

1. Lorentz and gauge invariance in the form of the low energy theorem of Low [3],
Goldman and Goldberger [4].

2. Unitarity in the form of the optical theorem.

3. Causality in the form of an unsubtracted dispersion relation [5] for forward
Compton scattering.

For a target of arbitrary spin S, the sum rule [6] reads:

/wwdy _ _4Wza5(%)2 )

th v

where op and o 4 represent the cross section for photoabsorption with the photon he-
licity parallel or anti-parallel to the target spin in its maximal state. The integration
extends from the onset of the inelastic region, through the entire kinematic range and
is weighted by the photon energy v. m and & represent the target mass and anomalous
magnetic moment respectively.

Experimental data and theoretical bounds suggest that the integral converges [7],
and the only assumption that might be open to question is the validity of the non-
subtraction hypothesis.

Eq. (1) reflects the fact that the presence of an anomalous magnetic moment is a
clear signature of internal structure. However, a very small anomalous magnetic mo-
ment does not necessarily imply that the particle is nearly point-like. The deuteron, in
particular, has quite small « due to the cancellation of proton and neutron anomolous
magnetic moments, yet it has a large spatial distribution due to it’s relatively small
binding energy. If the GDH sum rule holds, than this cancellation must be also re-
flected in the integral side of eg. (1). Arenhovel et al. [8] point out the importance
of the threshold photodisintegration channel in satisfying the deuteron GDH sum rule,
concluding that the disintegration channel must be approximately equal in magnitude
(but opposite in sign) to all other inelastic processes. This strong cancellation is a fas-
cinating feature that demonstrates a subtle connection between the coherent nuclear
behaviour at low energy and the incoherent reactions at large energy.



1.1.1 Experimental Status

A dedicated test of the GDH sum rule has been undertaken at the MAMI and ELSA
facilities, and the combined data set [9, 10] indicates that the proton sum rule is valid
to within 10%. Neutron and deuteron data from a polarized ND target were also col-
lected by the above collaborations, and analysis is underway. At JLab, an experiment
is scheduled in Hall B to measure the (real photon) GDH sum rule for the proton us-
ing a frozen spin target [11]. An experiment was approved at SLAC to specifically
investigate the convergence of the GDH sum [13] but is not expected to run due to
the termination of the SLAC ESA nuclear program. The question of convergence can,
however, be addressed in part with the 12 GeV upgrade of JLab.

At very small (but non-zero) momentum transfer, the GDH sum rule can be tested
by measuring the Q2-dependence and extrapolating to the real photon point. Hall A
experiment E97-110 [1] measured the Q2-dependence of the GDH sum at very low
momentum transfer using a polarized 3He target. That experiment should shed light on
the validity of the GDH sum rule for 3He, and also for the neutron provided that the
nuclear corrections are under control.

Checking the GDH sum rule for the proton alone is not sufficient to ensure its
validity. The low z behavior of the two nucleons may be very different*, which should
be considered especially when we realize that the non-subtraction hypothesis is the
most questionable assumption in the derivation.

1.2 TheExtended GDH Sum Rule

Anselmino et al. [14] suggested that the GDH integral extended to finite @ would
illuminate the transition from perturbative to non-perturbative QCD, and pointed out
the connection between the extended GDH integral and the Bjorken sum rule [15].
The generalization consists of replacing the photoproduction cross sections of eq. (1)
with the corresponding quantities from electroproduction. However, many possible
generalizations T exist, depending on the choice of the virtual photon flux, and on the
way the spin structure function g- is included.

Among the different GDH extensions, the one of Ji and Osborn [17] stands out
because it generalizes not only the integral side but the full sum rule. Hence, it retains
the predictive power that is lost with other definitions. In addition, the same authors
showed that the Bjorken and the GDH sum rules are two limiting cases of their gener-
alized GDH sum rule. For an arbitrary hadronic target it is written:

1—¢
50,Q7) = - /0 0 (2,Q?)

where g, is the familiar spin structure function and S; is the forward Compton ampli-
tude. In eq. 2, the overbar represents exclusion of the elastic contribution.

* For example, the low 2 behaviors of the nucleon spin structure functions g% and g% are known to differ.
TFor areview, see[16].



The forward Compton amplitudes are presently calculable using chiral perturbation
theory at low Q2, and the higher twist expansion at larger Q2. Eventually, lattice QCD
calculations should provide calculations at any Q2. Let us note that moments of the spin
structure function are quantities particularly well suited for lattice QCD calculations.

For future reference, we introduce the quantity 1(Q?):

Q%) = r'(Q%) @)
which we will refer to as the GDH integral.

1.2.1 Experimental Status

The CERN, SLAC and HERMES collaborations [18, 19, 20] have measured 1(Q2)
mainly in the DIS regime for proton, deuterium and 3He targets. At JLab, experiment
E94-010 measured the GDH integral on the neutron [89] and 3He [22] down to @2
= 0.1 GeV?, while in Hall B, the EG1 collaboration [23, 24, 25] performed similar
studies on the proton and deuteron down to Q% = 0.05 GeV2.

The PAC in recent years has recognized the importance of extending these mea-
surements to the lowest possible 2, approving E97-110 with A~ rating for 22 days
and E03-006 for 20 days with A rating. The Hall A experiment used a He target down
to a momentum transfer of 0.02 GeV? in order to test xPT and the GDH sum rule for
the neutron and for 3He. It is expected that the most difficult part of that analysis will
be to understand the nuclear corrections at low Q2 well enough to extract the neutron.
In Hall B, experiment E03-006 is scheduled to run in Spring 2006, using a polarized
NH; target down to @2 = 0.01 GeV2. E03-006 will determine g; from an absolute
(polarized) cross section measurement, thereby eliminating the significant systematic
uncertainty that arises from the target dilution factor. To this end, a new Cerenkov
counter is being installed in one sector of CLAS to improve the efficiency at small an-
gles. E03-006 will take data at beam energies of 3.2, 2.4, 1.6, and 1.1 GeV, with a short
run at 0.8 GeV to study radiative corrections.

The kinematic range of this proposal is where nuclear corrections are expected to
be the most difficult. But presently, only3He has been used to access the neutron in
this region. For every other region (see table 1), both 3He and the deuteron have been
utilized to ensure a full understanding of the neutron extraction systematics.

2 Motivations

We propose to perform a precision measurement of the GDH integral in the range
0.01<Q?<0.2 GeV?, using an ND3 target and the CLAS detector as upgraded for ex-
periment E03-006. Apart from the target, this experiment would have an identical
setup and similar beam energy requirements of E03-006. In the following sections we
discuss the motivation for performing this experiment.
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Figure 1: Q2 evolution of the GDH integral on the deuteron and neutron.

2.1 TheNeutron Extended GDH Sum at Low Q?

The extended GDH sum can be measured and compared to calculations at any Q2.
Hence it is a useful quantity for studying the transition from the partonic to hadronic
descriptions of the strong interaction. As such, the Q2 dependence of the extended
GDH sum has been an important focus of the JLab experimental program [1, 26, 10,
89]. The neutron is particularly important because of the long-standing claim that the
GDH sum rule is broken for the neutron, and the access it provides to the Bjorken sum
(discussed in section 2.4). As discussed in section 1.1.1, the verification of the sum
rule on proton does not preclude its violation for a neutron target.

The low-Q? domain for the neutron is under investigation at JLab (via *He) [1].
However, the neutron extraction at low Q2 is complicated due to the increasing im-
portance of nuclear effects [28, 8]. An experiment using another target for which the
nuclear corrections, and the related systematic uncertainties, are completely different
is crucial to establish confidence in the existing neutron results. In appendix A, we
recall the procedures used for neutron extraction in the DIS region and, for integrated
quantities, in the intermediate Q2 domain. To summarize the appendix, the extrac-
tion of neutron moments can be performed with a PWIA method (convolution model),
which can be approximated to a good level by the DIS method accounting simply for
the effective polarization of the nucleons within the nucleus. The magnitude of the
correction grows at low ()2, where there is no further justification of the use of effec-
tive polarizations beside the fact that the results are close to the PWIA method. Since
PWIA is known to be unreliable at low @2, both the convolution model and the ef-
fective polarization methods cannot be used a priori at low Q2. More sophisticated
models or calculations have to be used that account for nuclear effects, such as final
state interactions, meson exchange currents, EMC effects or Pauli-blocking. Work is
on going to include final state interactions that are believed to be the most important



at low Q2 [97]. Such work must be compared to experimental results from both the
deuteron and 3He to establish the reliability of neutron extraction.

Measurements at forward angle can be difficult due to increasing backgrounds and
the growing importance of radiative corrections. We note that the analysis of the lowest
Q? data of experiment E97-110 will be complicated by the miswiring of the septum
magnet used to detect the forward electrons for part of the Hall A run. This problem
will increase the systematic uncertainties on the lowest Q2 points [29]. Finally, sim-
ulations show that the lowest ()2 reachable with the combination of CLAS and the
new Cerenkov is 0.01 GeV? [26], a factor of two times lower than the lowest ()2 point
covered by E97-110.

It is not the goal to the this proposal to improve on the measurement done in Hall
A, aside from providing the necessary data to have confidence in the neutron extraction
method. It is difficult to compete with results from a polarized ®He target given the
present performance of polarized NDj3 targets. However, we can reach a comparable
precision below 2 ~ 0.1 GeV2 where the neutron extraction method starts to be unre-
liable and where a cross check is most valuable. Also, due to the low angle coverage of
the new CLAS Cerenkov detector, and to the fact that the 3He experiment encountered
technical difficulties, an experiment in Hall B would provide better accuracy for the
very low Q2 points as illustrated in fig 7.

2.2 Testing xPT

The JLAB results on GDH at intermediate Q2 [30, 23, 24, 89] triggered discussions
showing a large interest for pushing measurements to smaller Q2. It is clear from the
neutron results on spin polarizabilities [30], especially for the longitudinal-transverse
polarizability d;,7, that more theoretical work is needed to understand the data and the
transition from partonic to hadronic degrees of freedom of the strong interaction. Sim-
ilarly, preliminary results from the 1.6 GeV EG1 results on the proton and the deuteron
show consistency with xPT calculations as high as Q2 = 0.1 but only within the large
statistical and systematic uncertainties of the data (see Fig. 1). xPT calculations are
the only rigorous computations available presently for 1(Q?) at low momentum trans-
fer [31, 32]. However, there are several theoretical issues regarding the accuracy and
domain of application of xPT. For example:

1. The prediction for the slope of 1(Q?) at the photon point changes sign when going
from leading order to next to leading order, so it is not obvious that the first few
terms of the chiral expansion are sufficient for establishing a reliably convergent
xPT prediction.

2. The importance and method of inclusion of the resonances in xPT calculations
is still uncertain.

3. The Q? range of applicability of xPT needs to be tested.

Providing data at the lowest possible Q? is crucial to constrain the xPT calculations
and to address these issues.



A check on xPT on the neutron will necessarily be less accurate than its proton
counterpart. However, a satisfactory understanding of xPT has to include both nucle-
ons even if one of them is harder to access.

2.2.1 Generalized Spin Polarizabilities

The spin polarizabilities are fundamental observables that characterize nucleon struc-
ture and present one of the best tests of xPT calculations at low Q2. Like the GDH
sum, they are related to integrals of the nucleon excitation spectrum and rely on the
same basic theoretical assumptions. At the real photon point, the electromagnetic po-
larizabilities reflect the nucleon’s response to an external electromagnetic field. The
generalized polarizibilities represent an extension of these quantities to virtual photon
compton scattering at finite (. The polarizabilities are expected to converge faster
than the first moments and thus reduce the dependence of measurements on extrapola-
tions to the unmeasured regions at large v.

2.3 Extrapolation to the Real Photon Point

Measuring the GDH sum rule by extrapolation from nearly real photon data would pro-
vide a completely independent cross-check of the techniques presented in section 1.1.1.
In particular, measuring the GDH sum at the photon point demands detection of hadrons
while at finite ¢?, a simpler inclusive measurement is sufficient. We present three pos-
sible scenarios that may be encountered in an attempt to extrapolate to the real photon
point:

1. The data is found to exhibit linear behaviour at low Q2. In this case it will be
straightforward to extrapolate to Q2 = 0.

2. We find a more complicated dependence with ¢ that agrees with xPT calcu-
lations. We may then utilize the xPT calculations to guide the extrapolation.
(We note, however, that the available calculations all predict linear behavior at
present.)

3. The data exhibits a complicated Q% dependence and disagrees with xPT. This
would make the extrapolation difficult, but is perhaps the most interesting and
exciting possibility as it would require a serious re-examination of the funda-
mental precepts of xPT.

We discuss the systematic uncertainty of such an extrapolation in section 4.5.

2.4 TheBjorken Sum at Low Q?

In combination with the E03-006 proton data, we can form the difference 17 — I™
which is predicted at the photon point by the GDH sum rules on the proton and the
neutron. This is the best quantity to extrapolate to the photon point since its evolution
is smoother than the individual nucleon integrals due to the partial cancellation of the
resonance contribution [27]. For the same reason, the Bjorken sum is also calculable
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Figure 2: Generalized GDH integral as a function of Q2 for deuteron electrodisintegra-
tion d(e, e')np from Ref. [2].

in xPT with a range of applicability that is expected to be larger than for the GDH
integral. In fact, the upper Q2 limit of xPT calculations for the Bjorken sum is ex-
pected to approach the range of applicability of the Higher Twist Expansion. At large
Q?, the Bjorken sum is the only moment for which the absolute value is predicted, in
contrast for example to the Ellis-Jaffe sums. Furthermore, its Q2 behavior at leading
twist is simpler and does not involve gluon distributions because only non-singlet co-
efficients enter in the operator product expansion. Finally, since the Bjorken sum is
both a moment and a flavor non-singlet quantity, it is particularly suitable for Lattice
QCD calculations. Hence, it appears that the Bjorken sum is the perfect quantity to
provide benchmark measurements for the three theoretical frameworks that are used to
understand the transition from hadronic to partonic degrees of freedom. It is therefore
a most important object to measure accurately on the entire Q2 range.

An experiment in Hall B under the same circumstances as E03-006 would minimize
the point to point systematic errors. In fact, the Q2-evolution is often more important
than the absolute value of the sum since calculations often deal only with the Q2-
behavior. Examples are analyses within the Operator Product Expansion framework
(extraction of higher twists [37]) or comparison to xPT. Experiments done on both
nucleons under the same experimental conditions would provide the best condition for
an accurate comparison to theories.

2.5 The Deuteron Extended GDH Sum at low ?

The deuteron extended GDH sum rule is an intriguing quantity in its own right in ad-
dition to its utility to provide access to the neutron. As in the case of real photon
scattering, the disintegration channel is expected [8, 2] to play a crucial role, provid-
ing a large negative contribution that very nearly cancels the sum of all contributions

10
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from meson production. Arenhovel et al. predict that the electrodisintegration chan-

nel contribution is largest for Q2 ~ 0.2 fm—2 which is near the low kinematic range

of this proposal (see fig 2). The electro-disintegration channel of 3He [38] and the

deuteron [39] have been investigated previously at JLab and measuring the deuteron

GDH integral as a function of Q2 will provide a significant test of present theoretical
understanding of the properties of few-body nuclei [2]. Furthermore, xPT calculations

are becoming available for nuclei [40] without the issue of nuclear corrections. The

logical choice to check these new calculations is the deuteron, since it is the lightest

nucleus. We note that at the proposed kinematics, the quasielastic reaction will be in-

significant compared to electrodisintigration, as displayed in figure 3, so separation of
these two channels will not present any difficulty. A complete deuteron measurement
will be challenging experimentally because of the difficulty of separating the elastic
scattering contribution on the deuteron from the inelastic states, beginning with the

breakup channel at 2.2 MeV. However, we note that the previous EG1 experiments

were not hindered by the coherent elastic contribution. Because of this, we believe

we can certainly make a clean deuteron measurement at our largest few proposed (2

points, a region that is still useful for a xPT test, and we will make all our data avail-

able and work with theorists to determine whether we can place any constraints on xPT

calculations on the deuteron.

Since it is unclear at the moment at exactly which Q2 the separation between elastic
and electro-disintegration will become problematic, in the rest of this document, our
estimate on deuteron quantities will include only the incoherent part of I(Q?2), ie the
contribution beginning from the pion-production threshold. We note that all previous
EG1 experiments analyzed only this part of the GDH integral.

11



2.6 Experimental Considerations

Measurements of inelastic reactions at low Q2 are in general harder to carry out. This is
due to large radiative corrections and increasing backgrounds. A cross check of E97-
110 and this proposed experiment, using completely different targets and detection
systems, is not a motivation in itself. However, it would provide additional confidence
in the measurements. It is also worthwhile to note that the CLAS detector will re-
dundantly measure several kinematic bins, but with different angles and beam energy
(see overlap in Fig. 4). There will therefore be different backgrounds and radiative
corrections, and will provide an important self cross-check of our measurement.

12
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Figure 4: Proposed kinematic coverage for three incident energies: 3.2, 1.6 and 1.1
GeV. Not shown is the short 0.8 GeV run for radiative correction studies.

3 Proposed M easurement

3.1 Kinematics

We propose to cover the kinematic range? displayed in figure 4, which requires three
incident beam energies: 1.1, 1.6 and 2.2 GeV. This will allow us to evaluate the Q2-
evolution of the GDH integral from 0.01 to 0.2 GeV2. A short run with a 0.8 GeV
beam, not shown in the figure, will help reduce the systematic uncertainties arising
from the radiative corrections. In figure 4, any region where the elastic tail is expected
to be prohibitively big has been excluded, leading to the cutoffs at low (2.

3.2 Experimental Setup

In order to perform an absolute cross section measurement, we plan to use a modified
setup which includes the new Cerenkov counter that is being commissioned for E03-
006. This detector is specifically designed for the outbending field configuration which
is necessary to reach the desired low Q2. This new detector will have a very high
electron detection efficiency (of the order 99.9%) to allow the measurement of the
absolute cross section with minimal corrections and a high pion rejection ratio (of the
order 10~3). The other components of CLAS will be in standard configuration.

$The proposed kinematics are similar to experiment E03-006 except for the 3.2 GeV incident energy.
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We will use the JLab/UVA NDjs polarized target [41] used in previous CLAS spin-
dependent measurements. This target exploits the Dynamical Nuclear Polarization
(DNP) technique to polarize the material which is maintained in a liquid helium bath at
1 Kand in a 5 Tesla longitudinal field. This system operated successfully in previous
CLAS runs, providing typical deuteron polarizations of 35%. The deuteron polariza-
tion will be monitored online by an NMR system and then extracted offline by the
analysis of quasi-elastic scattering events which are recorded simultaneously with the
inelastic events thanks to the large CLAS acceptance. This method provides a more
precise measurement of the product of beam and target polarization than does the in-
dividual measurements of the electron polarization using the Moller polarimeter and
the target polarization using the NMR. The polarized target will be retracted by 1 m
upstream to increase the acceptance at low @2, by reducing the minimal angle for the
scattered electron, allowing to reach Q2 = 0.01 GeV?2. The target will contain two 2C
inserts of differing thickness, and an empty cell in addition to the ND3 for background
measurements. Each of these cells can be moved into the beam via remote control. In
addition we will use a solid nitrogen target to check the nitrogen contribution. There
will be two ND3 cups 1 cm, and 0.5 cm in length respectively. Both will be 1.5 cm in
diameter.

We will exploit the highly polarized JLab electron beam. Previous experiments
have shown that a typical polarization of 80% can be expected. Beam currents in the
range of 1-4 nA will be used. In these conditions, no significant heating of the target
material takes place. The beam will be rastered over the target surface to minimize
radiation effects, using the existing Hall B raster. Due to the low beam current and the
rastering, radiation damage to the target material will be limited, and annealing will be
required only once per week. The beam polarization will be measured by the Hall B
Moller polarimeter, while as mentioned above the final value of the product of beam
and target polarization will be extracted from the quasi-elastic data.

We note that the experimental setup is the same as for experiment E03-006, apart
from the target cell used. E03-006 is scheduled to run in 2006, and requires installation
of the polarized proton target and a new Cerenkov detector, currently under construc-
tion at INFN. If the experiment described in the present proposal ran just after or during
E03-006, one would take advantage of this to minimize both the beam down time and
the use of manpower in Hall B.

We will trigger CLAS by requiring a coincidence between the electromagnetic
calorimeter and the new INFN Cerenkov counter, which will be installed in only one
sector. We will not accept electron triggers from other sectors of CLAS. In fact, in
order to maximize our useful data rate for scattered electrons, we will turn off the other
five sectors of CLAS.

3.3 Extraction of g,

The use of absolute cross section differences is a robust way of extracting g; because
the unwanted unpolarized contribution cancels out. This extraction technique meets its
full interest with the ND3 target where the amount of unwanted (non-deuteron) target
material is necessarily large.
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Figure 5: The effect of neglecting Ao, on g;. In the plots, g7 represents eq. 4 with
Ao, setto zero. Top Left: Q2 = 0.01 Top Right: Q2 = 0.05 Bottom Left: Q2 = 0.1
Bottom Right : Q2 = 0.2

The spin structure function g is related to the spin-dependent cross sections via:
MQ? y

402 (1-y)(2-y)
Here Ag) = o™ — ¥, and Ao = 61 — o= with the first superscript indicating
the electron spin, while the second refers to the target spin orientation. The Hall B
polarized target can be polarized only in the longitudinal direction at present, so there
will be some error introduced by neglecting the perpendicular term in eq. 4. We have
estimated this effect by evaluating the contribution of Ao, to g, using a fit to world
data [43]. Figure 5 reveals that at the proposed kinematics, the effect of neglecting the
Ag contribution is indeed quite small. Neglecting Ao, entirely results in a maxi-
mum 5% difference in T'; at our highest Q?, and falls to less than 1% at Q% = 0.01
GeV?2. (See table 2). These results are in general agreement with the EG1B systematic
analysis [44]. The systematic effect will be smaller than this of course and will depend
on the accuracy of the model used to estimate the perpendicualar contribution. Follow-
ing the EG1B analysis, we assume conservatively 50% uncertainty on the model input,
which can be reduced with more careful studies in the future.

g1 = (AO’| + tan gAUJ_) 4)

3.4 Ratesand Beam Time Estimate

Ostensibly, the rates and beam time request of this proposal will be similar to approved
experiment E03-006. We must however adjust for the variation of rates due to the dif-
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Q? (GeV?) r: Iy Difference
0.01 -0.0070620 | -0.0070220 0.6%
0.05 -0.0298287 | -0.0292262 2.1%
0.10 -0.0456892 | -0.0442065 3.4%
0.20 -0.0489075 | -0.0464575 5.3%

Table 2: Uncertainty in g; due to the lack of transverse data. I'T represents the first
moment of eq. 4 evaluated [43] assuming Ao, = 0.

fering targets and attainable target polarizations, and also for improvements in various
JLab instrumentations.

The expected counting rates [26] for inelastic scattering from proton were esti-
mated assuming: a W bin of 20 MeV, a Q2 bin of 0.01 GeV?2, a polar angular interval
Adg of 18° for one module of the Cerenkov detector, a beam current ranging rom 1 to
4 nA depending on the energy, and beam energies of 1.1, 1.6, and 2.4 GeV. We as-
sumed a minimum electron detection angle of 5 degrees. A minimum energy for the
outgoing electron of 300 MeV was also assumed in integration to obtain the GDH sum.
The unpolarized inclusive electron scattering cross section was calculated based on a
parameterization of the two structure functions F; and F; [43].

We assume a target polarization of 40%, a beam polarization of 80%, and an im-
proved DAQ rate of 6 khz. Taking into account the ND3/NH3 target nucleon ratio we
arrive at the beam time estimate displayed in Table 3 . We have excluded the E03-
006 3.2 GeV incident energy and added a very short run at 0.8 GeV to ensure we
completely control our radiative corrections. This energy setting will be dedicated to
an unpolarized measurement of the elastic radiative tail and as such requires a small
amount of beam time. Given this allotment we can gather 65% of the data of the proton
measurement, which translates to a 25% larger statistical uncertainty.

The expected precision can be seen in figs 6 and 7. In fig. 7, we assumed 20%
systematic uncertainty on the procedure for neutron extraction from both 2He and D.
However, as discussed in appendix A, no calculations are available for now. A com-
parison of neutron results extracted from D to those extracted from 3He would give an
estimate on the size of the nuclear corrections and hence would constrain to the same
level the accuracy of the neutron extraction procedure. Adding in quadrature the sys-
tematics errors on the n from D and n from 3He (ignoring the uncertainty due to the
model extraction) yield typically about 20% (or 30% if the uncertainties are added lin-
early). This is the level to which the procedure for neutron extraction will be checked.

Let us note that this number is relevant only to the particular problem of extracting
neutron. Nuclear models themselves will be further constrained by directly comparing
our doubly polarized data to model predictions.

3.4.1 Overhead

We present two possible scenarios:

1. If the current proposal runs in conjunction with E03-006, the overhead is mini-
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Figure 6: Expected precision of deuteron T'y. The band represents the systematic uncer-
tainty, while the error bars on the points are statistical only. The curves from Bernard et
al. [31] and Ji et al. [17] are xPT calculations. The curve from Burkert-loffe [47] and
Soffer-Teryaev [33] are phenomenological models. The preliminary EG1B data [83]
are shown for comparison.

| Energy (GeV) | days | current (nA) |

0.8 0.3 1
1.1 9 1
1.6 10 2
2.4 10 4
| Total | 29 ] |

Table 3: Beam Request Summary.
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Figure 7: Expected precision of neutron I';. The error bar contains both statistical and
systematic uncertainty. We assume 20% uncertainty from the neutron extraction from
both 3He and the deuteron. The projected uncertainties for the present proposal include
the error on the proton measurement. The relevant domain for comparing neutron
extracting from 3He and D is below Q2 ~ 0.1, where the known method to extract
the neutron becomes less reliable. The points at higher Q2 are ancillary results coming
from the higher beam energy runs necessary to expand the W coverage of the lower
Q? points. See fig. 6 for a description of theoretical curves.
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mal, namely the replacement of the NH3 target stick with the ND3 target stick
for each kinematic. This will require approximately 8 hours for each target swap.

2. If the current proposal runs independently, then there are several new overhead
requirements: We estimate 2 hours required for a pass change, and one 8 hour
shift required for linac change. Given our kinematic request this would require
20 additional hours of beamtime.

Previous polarized target runs have demonstrated that the necessity to anneal the
target has minimal impact on beamtime, as this procedure can be scheduled during
weekly beam studies. Furthermore, the annealing procedure will be required less fre-
quently due to the low current used in Hall B.

This brings the total requested beamtime including overhead to 29.8 days.

4 Systematic Uncertainties

4.1 Polarized crosssection

One limiting factor in measuring quantities with the polarized target is the precise
knowledge of target thickness. Measurements will be made after the experimental run
to measure it at the % level (for example by melting the ammonia beads and measuring
the volume of ammonia). The total luminosity will be also monitored by continuous
measurement of the quasi-elastic cross section. Such measurement will be used as well
to extract the product of the beam and target polarizations.

All in all, we expect a 5% systematic accuracy [42] on the unpolarized cross sec-
tion measurement before radiative corrections, and 5% on the asymmetry. These two
quantities are used to form the difference of polarized cross sections.

4.2 Radiative corrections

Radiative corrections are needed to extract the Born cross section from the measured
one. This procedure is well established for both unpolarized [45] and polarized [46]
scattering.

At the low momentum transfer of this proposal, elastic radiative tails can limit a
meaningful extraction of g; from background contamination. We are presently study-
ing the magnitude of the radiative tail effects, and detailed calculations will be available
shortly. We expect to control the radiative tails systematics uncertainty from external
radiative corrections by running with different target thickness (0.5 and 1 cm). Together
with this systematic check, a short run at 0.8 GeV beam energy will allow to minimize
the uncertainty on the total (internal and external) radiative tails. Finally, data from
regions where the elastic tail is large (cross section a few time larger than the inelas-
tic signal) will not be used in the analysis (see Fig. 4). One of the main effect of the
radiative corrections is to redistribute the events along the target excitation spectrum.
Since we are interested by the integral over the excitation spectrum, the overall effect
of the radiative corrections is somewhat reduced. All in all, we assume a systematic
uncertainty of 5% or better.
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The overlap of kinematic coverage from different incident energies (with different
radiative corrections) will help ensure that we understand the systematic to this level.

4.3 LargeW extrapolation.

An extrapolation to large v is needed to account for the unmeasured high energy con-
tribution. The uncertainty on the sum due to this missing part is not larger than 2%.
This has been estimated in the following way: we evaluate the total sum I'{ using the
model of Burkert and loffe [47] which agrees well the JLab data taken at intermediate
and large Q2 (see for example [48]). The size of the unmeasured part of T'¢ is estimated
using the Bianchi-Thomas parameterization [49] based on a Regge form constrained
by the polarized world data. A 50% uncertainty on the magnitude of the missing part
was taken as the uncertainty on the total sum. In the above calculation, the deuteron
was formed using the proton and neutron predictions according to the formula:

o I

~ 2(1 - 1.5wp) ®)

with wp ~ 0.05.

4.4 Other systematics effects

A large nitrogen background is present when ammonia polarized targets are used. This
background is mostly unpolarized and cancels out in the difference of polarized cross
sections. The slight remaining polarization of the ®N will need to be corrected. We
expect 1 to 2% uncertainty on the cross section due to this correction.

Another systematics effect in the measurement of polarized cross section could
come from beam charge asymmetry. We do not expect significant effects since the
JLab beam source is equipped with parity violation quality monitoring and feedback
devices.

45 Extrapolationto@? =0

The expected errors on the GDH sum rule at the photon point can be estimated by
extrapolating the measurement at our lowest Q2 point using fivé available theory pre-
dictions normalized the data. The dispersion of the results gives some indication of the
uncertainty due to extrapolation that we may expect. The lowest Q2 point is well into
the domain where all available calculations predict linear behavior. Thus, the uncer-
tainty on the extrapolation is dominated by our experimental systematic.

Following this estimate, we expect a 9% uncertainty on the incoherent deuteron
GDH sum (i.e. the contribution above the pion production threshold). The statistical
uncertainty is negligible (0.9%). This accuracy is similar to the precision of the GDH
verification made at MAMI and ELSA on the proton [9, 10].

§The slope predicted by the GDH sum rule, xPT calculations from Ji et al. [17], and Bernard et al. [31],
and the phenomenological models of Soffer and Teryaev [33], and Burkert and loffe [47].
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| Q2 (Gev2) | 5DIS | (Strans | 5Uborn | 52?};& || (Sstat |

0.01 1.6 0.3 8.9 9.0 1
0.02 2.2 0.7 8.9 9.2 2
0.05 15 11 8.9 9.1 5
0.10 11 1.7 8.9 9.1 9
0.15 0.2 2.2 8.9 9.2 16
0.20 11 2.7 8.9 9.4 22

Table 4: Systematic uncertainty (in percent) on T'{. For reference we list the expected
statistical precision in the final column.

The uncertainty on the neutron GDH sum would be 25%, assuming a 20% uncer-
tainty due to the neutron extraction from the deuteron. This uncertainty should decrease
with theoretical progress in the nuclear corrections. An uncertainty of 10% on neutron
extraction procedure would reduce the uncertainty on the neutron GDH to 18%.

5 Total Uncertainty

Table 4 gives the uncertainties on T'¢ for different Q% points, which we describe
here in detail:
e dprs : the uncertainty on T'¢ due to the unmeasured contribution to the integral
fromW = W4, 10 W = 00, assuming a 50% accuracy of the model. W4, =
2.2 GeV for all points except the first, for which the upper limit is 1.8 GeV.

e 0;rans . the uncertainty due to the absence of transverse target spin data. This
error is discussed in detail in section 3.3.

e dop.rn - the uncertainty on the absolute polarized cross section difference af-
ter radiative corrections. This include the uncertainties on absolute unpolarized
cross section, asymmetries, polarized ®N background and radiative corrections.

e Jtot, : the total systematic uncertainty, added in quadrature.

e 044 . the statistical uncertainty.

6 Summary

In summary, we propose to measure the extended GDH integral on the neutron and
deuteron in the range 0.01<Q2<0.2 GeV2. The main goals of this measurement are:

1. To measure the neutron GDH integral extracted from the deuteron, which is a
necessary complement to the data already taken on 3He (Hall A experiment E97-
110 [1]). The nuclear corrections involved in the extraction of neutron from
a polarized nuclear target are increasingly complex and sizable at low Q2 and
must be verified for different nuclear mediums;

22



2. To provide a check of xPT calculations for the neutron;

3. To measure the Bjorken sum at very low Q2 when combined with proton data
from Hall B experiment E03-006 [26]. The similar experimental setup of the two
experiments will minimize any relative systematic uncertainty.

Additionally, such a measurement would provide:

1. A check of the (real photon) GDH sum rule on the neutron and deuteron via
extrapolation to Q2 = 0;

2. A benchmark measurement for Chiral Perturbation Theory calculations of the
deuteron at low Q2.

3. Insight into the role the disintegration channel plays in the satisfaction of the
deuteron GDH sum rule.

The proposed measurement is very similar to the approved proton GDH experi-
ment, E03-006. With 30 days beam time we can reach a statistical precision at the
level of the proton measurement with a similar systematic uncertainty.

A Extraction of Neutron Quantities from *He and D.

Neutron information is essential to our understanding of the strong interaction and
nucleon structure. Many groups have worked out extraction procedures [93]-[112],
although this list of references is not exhaustive. We will focus here mainly on the
work of Ciofi Degli Atti and collaborators.

In the description below, the limitations of the extraction procedures will be appar-
ent, thus demonstrating the need for experimental results from both D and 3He. Tests
against both D and 3He experimental results will be needed to establish the reliability
of the more sophisticated procedures that are necessary to extract the neutron.

A.l 3He

In Experiment E97-110, neutron information has to be extracted from ®He data. The
3He nucleus is not in a pure S state. The admixture of S’ and D states can reach about
10%. This makes the protons of the 3He nucleus come into play. In DIS, this can be
formalized using the concept of non-zero proton effective polarization P, # 0. For
the same reason part of the neutron spin is pointing in the opposite direction than the
3He spin (neutron effective polarization P,, < 1). Other nuclear corrections accounted
for in this extraction procedure come from the Fermi motion and the binding. The
correction method for DIS data was first worked out for2He by Friar et al. [93] and
then by C. Ciofi Degli Atti et al. [94]. The method was then applied to the GDH sum
rule by C. Ciofi Degli Atti and S. Scopetta [95].

The proton and neutron effective polarizations within the *He nucleus are com-
puted either using three-body Fadeev calculations or by integrating elements of the
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matrix representing the spin dependent spectral function (both methods agree). With-
out any nuclear effects other than the admixture of the S’ and D states, the different
spin structure functions would obey the equation:

g ™ = 2p,g” + pag” (6)
with p, = —0.028 £ 0.004 and p,, = 0.86 % 0.02 [94].

Assuming that the spin structure functions have the same form for a bound nucleon
and a free nucleon, then the Fermi motion and binding effect can be taken into account
by integrating the structure functions over a shifted energy transfer, i.e,, these effects
are accounted for by convoluting g; and g» with a quantity related to the 3He spec-
tral function [94] calculated in the plane wave impulse approximation (PWIA). This
method holds in principle for the quasi-elastic, resonances and DIS domains. Ciofi
Degli Atti et al. demonstrate that in the DIS region Eq. 6 is already a good approx-
imation and the refinement by the convolution method modifies the result by at most
4% (for < 0.8) [94]. However in the resonance region Eq. 6 is not sufficient for a
reliable extraction of the neutron data [95] due to Fermi motion and binding.

Since the generalized GDH integral is an integration over the spin structure function
g1, the method used to extract the spin structure functions on the neutron can also be
applied to the generalized GDH integral. A comparison of the extraction of the neutron
GDH integral using, on the one hand, only the effective polarizations method (cf Eg. 6)
and, on the other hand the PWIA method, shows that in both cases the GDH integral
is similar. Hence, for integrated quantities, in a domain where PWIA is justified, the
neutron can be extracted either by simply accounting for effective polarization or by
using the convolution method. However, PWIA does not account for nuclear effects
such as Final State Interactions and Meson Exchange Currents which are known to be
increasingly important at low Q2. EMC effects are also not included. Furthermore,
Pauli blocking is not included in PWIA and it should play an important role at low
@2, which may explain the striking result of experiment E94010 which shows a large
positive trend of the GDH sum on 3He at low @2, while the sum rule at the photon point
has a large negative value (-498 ubarn) (see fig. 8) [113]. The increasing complexity of
the extraction at low Q? is reflected in the uncertainty of the PWIA which is estimated
to range from 5% at large Q% to 10% at Q? = 0.1 GeV?2. This estimate is obtained by
comparing the PWIA and effective polarization results and assuming that the difference
is representative of the neutron extraction uncertainty. Although accounting for nuclear
effects appears to be difficult at low (?, there is on-going work to include final state
interactions in the PWIA model [114].

A.2 Deuterium

In the DIS limit, a convolution method based on the impulse approximation is also
used to extract the neutron from the deuteron [96]. The electron-nucleon scattering
amplitude is convoluted with the wave function of the nucleon inside the deuteron.
The most important nuclear effects, for SSF in DIS, are Fermi-motion and the D-Wave
depolarization effect. The convolution can be expressed as:
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Figure 8: Preliminary results on the generalized GDH sum on ®He.
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where B(y) is the “spin dependent effective distribution of the nucleons” and g =

(g7 + g7)/2. fp(x) has a sharp maximum at y ~ 1.0 and is normalized to (1-1.5wp),
leading to the usual approximate formula:

o = 57 +g1)(1 ~ Lswp) ®
with wp ~ 0.05 from N-N potential calculations. Eq. 8 becomes an exact consequence
of Eq. 7 if moments are considered.

At finite ( and v, the integration limit of eq. 7 and E;(y) become z-dependent,
so in principle Eq. 8 does not hold. In practice, corrections are small (0.3% effect at
Q%=1 GeV?).

Just like for 3He, the simple Eq. 8 is not reliable in the resonance region due to
Fermi smearing, but can be used to a good approximation for moments, as long as Q2
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is not too small. The change in normalization of f—D)(y,:u, Q?) with respect to f—g(y)
leads to a correction term N (Q?):

o = 5(6 + 971 — 150p) N/ (Q?) ©

that can be interpreted as the effective number of nucleons seen by the virtual photon.
The correction N;(Q?) grows at low Q% N;(Q? — o0) = 1, Ny(Q* = 1) = 0.997
and N;(Q? = 0.1) = 1.02 [96].

As for 3 He, nuclear effects in deuterium, such as final state interactions, that are
known to be important at low @2 from unpolarized data, are not included in the ex-
traction model. Given the large number of theory groups involved in these topics,
deuterium data available at low @Q? should push the calculations beyond the present
approximations.
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